In a search for eucaryotic enzymes which might process the heterogenous nuclear RNA (HnRNA) from animal cells into messenger RNA, a ribonuclease called RNAse D analogous to E. coli RNAse III in its ability to cleave specifically synthetic or viral double-stranded polyribonucleotides has been detected and extensively purified from the cytosol of Krebs II mouse ascites cells. The purification procedure involved cellular fractionation followed by DEAE and CM-cellulose chromatography and resulted in an RNAse D preparation contaminated with trace amounts of single-strand specific RNAse (equivalent to less than 0.3 ng per ml) as assayed against poly(rC). Significant levels of RNAse H activity against poly(rA) -poly(dT) were still present in these preparations.
INTRODUCTION
Lt has been well established for some years that rRNA of eucaryotic cells is synthesized as a large 45S precursor which is then processed into mature 28S and 18S RNA by a non-conservative mechanism which results in the overall loss of about 50°s of the initial sequences ' . Similarly, it seems likely that the heterogeneous nuclear RNA (HnRNA) serves as a precursor to the polysomal mRNA . We have therefore been interested in looking for enzymes which might process the HnRNA into mRNA.
A plausible candidate for playing a part in such a function might be an enzyme analogous to RNAse III from E. coli (EC. 3.1.4.24) which is specific for double-stranded RNA . This enzyme has been identified as the "sizing factor" which cuts the giant mRNA transcribed in vitro from T7 DNA by E. coli ' RNA-polymerase to the right size. Mutants of E. coli which are deficient in RNAse III have been isolated. When infected by T7 phage, such mutants are unable to process this giant mRNA precursor whereas uninfected cells accumulate a new RNA species which contains the sequences of both 16S and 23S rRNA 7 ' 8 .
The present paper reports on the occurrence and purification of an RNAse O Information Retrieval Limited 1 Falconberg Court London W1V5FG England from Krebs II ascites cells cytosol which cleaves the poly(rC) strand of a poly(rC) -poly(rG) duplex as well as double-stranded QB phage RNA. Follo-Q wing the proposal of Robertson , the generic name RNAse D will be used to designate this enzyme so as to emphasize its specificity towards doublestranded RNA.
MATERIALS AND METHODS Materials CM-cellulose (CM 52) and DEAE-cellulose (DE 52) were purchased from Whatman. Ribonuclease A was from Worthington. All non-radioactive polynu-14 4 cleotides were obtained from Boehringer. ( C) poly(rC) (3.3 x 10 cpm/yg) and ( C) poly(rA) (1.6 x 10 cpm/yg) synthesized by Sepharose-bound E. coli 14 polynucleotide phosphorylase were kindly provided by Dr. M. Thang. ( C) poly(rC) -poly(rG) was prepared by annealing equimolar amounts of both polynucleotides for 1 hour at 70°C in 1 M NaCl, followed by slow cooling. Such annealing conditions are likely to minimize production of triplestranded helices . In order to reduce the amount of ( C) poly(rC) which might still remain single-stranded, a 251 excess of unlabeled poly(rG) was added and reheated at 70°C for 5 min. Q6 double-stranded RNA was synthesized in vitro with QB replicase using (a P)-ATP as a substrate and was kindly provided by Dr. E. Domingo. At the time of the experiments, the synthetic 14 minus strand had a specific radioactivity of about 29,000 cpm/yg. ( C) 14 poly(rA) -poly(dT) was obtained in the same way as ( C) poly(rC) -poly(iG) except for the annealing temperature which was 37°C.
Growth of ascites cells
Krebs II ascites cells were obtained from Dr. B. Lebleu. They were maintained by serial intraperitoneal injection of 0.25 ml ascitic fluid at 6-8 days intervals into swiss mice (IFFA-CREDO, France). Collection and washing of cells were as already described . Tumors with too much blood were discarded. Assays Standard reaction mixtures for RNAse D assay contained in a final volme of 0.1 ml : 20 mM Tris-HCl pH 8, 100 mM NH^Cl, 10 mM Mg acetate, 600 cpm of ( C) poly(rC) -poly(rG) and up to 20 yl of enzyme. After incubation for 2 hours at 37°C, the reaction was stopped by 3 ml of cold S% trichloracetic acid and 100 wg of carrier bovine serum albumin. After 10 minutes in ice, precipitates were collected on glass filters (Whatman GF/A), washed with cold 5°6 trichloracetic acid and ethanol, dried and counted in a SL30 Intertechnique scintillation counter using a toluene based scintillation fluid. Activity was expressed as the percent loss of initial acid-precipitable counts. Similarly, assays with double-stranded Q8 RNA as a substrate contained 600 cpm corresponding to 2 x 10 ug of minus strand.
RNAse H (Hybridase, EC 3.1.4.34) was assayed using ( 14 C) poly(rA) -poly(dT) under identical conditions except that incubation was at 20°C. RNAse activity against polyribonucleotides was assayed according to Zimmermann and Sandeen except for poly (rU) which was precipitated with 701 ethanol in 0.1 M NaCl. Published procedures were used to assay for DNAse , phosphodiesterase
and nucleotidase whereas phosphomonoesterase was tested with p-nitrophenylphosphate as substrate at pH 5 (acetate buffer), 7.2 (Tris-HCl buffer) and 9.6 (carbonate buffer). Protein concentration were determined after trichloracetic acid precipitation according to Linn and Lehman .
RESULTS AND DISCUSSION
A typical purification experiment will be presented below. All operations have been carried out at 4°C, unless otherwise stated. Cellular fractionation and RNAse D localization 7 ml of packed Krebs ascites cells grown, collected and washed as described in Materials and Methods, are resuspended in 14 ml of hypotonic medium (10 mM Tris-HCl pH 7.5 ; 10 mM KC1 ; 1.5 mM Mg acetate). After swelling in ice for 5-10 minutes, about 701 of the cells are broken, as judged by phase contrast microscopy, by 15-25 strokes in an all-glass Dounce homogenizer equipped with a loosely fitting pestle. Isotonicity is restored by adding 2.3 ml of concentrated buffer ( 0.3 M Tris-HCL pH 7.5 ; 1.25 M KC1 ; 50 mM Mg acetate ; 60 mM 8-mercaptoethanol) to the homogenate which is then centrifuged at 16,000 rpm for 10 minutes in the rotor 59584 of the HS 25 MSE centrifuge. The clear liquid supernatant (S-30) (Fraction I) between the pellet and the fluffy lipid layer floating on top is collected (14.5 ml) and deposited in three tubes on top of two 1 ml cushions of 1.8 M and 1 M sucrose in Buffer A (30 mM Tris-HCl pH 7.5 ; 0.125 M KC1 ; 5 mM Mg acetate ; 6 mM B-mercaptoethanol). After centrifugation for 90 minutes at 55,000 rpm in the Spinco rotor, the supernatants over the sucrose cushions are collected and pooled to yield 10 ml of S-150 fraction (Fraction II).
This homogenization procedure, which is essentially that described by Mathews and Korner^ has been the only one which has enabled us to detect the 2057 enzyme in crude cyi.oplasmic extracts. Using the fractionation procedure described above, the two following observations show that most of the apparent activity against poly(rC)-poly(rG) resides in the S-150 fraction. Firstly, when cells were more extensively broken in the same ionic conditions as above, so as to obtain nuclei as free as possible of cytoplasmic contamination, the activity in sonicated nuclei was much lower than in the cytoplasm, although still detectable. Secondly, no activity has been found in A fraction of the cell homogenate brought back to isotonicity (see Materials and Methods) was centrifuged at 10,000 x g for 10 minutes. A 0.5 ml aliquot of the resulting supernatant was layered on top of an I) ml 10-30% (w/v) sucrose gradient in 20 mM Tris-HCl buffer pH 7.6 containing 100 mM KC1, 40 mM NaCl and 5 mM Mg acetate (16) . After centrifugation for 90 minutes at 37,000 rpm in the Spinco SW 41 rotor, fractions were collected and assayed for absorbance at 260 tun (o o) and RNAse D under standard conditions (• --• ) .
association with ribosomes on sucrose gradient either in hypo-or isotonic conditions. A typical experiment performed under the latter conditions is presented in Fig. 1 . Along the same line, no activity could be detected in the 150.000 g pellet containing the ribosomes even after attempts to solubilize the enzyme with up to 0.8 M KC1. This observation is contradictory to a previous report who found a similar activity partly associated with pelleted ribosomes.
Ammonium sulfate precipitation and Sephadex G-25 Chromatography
To 10 ml of fraction II (S-150) are added 15 ml of a saturated, 2058 neutralized ammonium sulfate solution so as to give 601 saturation. After gentle stirring for 2 hours, the precipitate is collected by a 20 minutes spin at 20,000 rpm, then redissolved in 2 ml buffer A containing 10$ glycerol. The resulting fraction is then applied to a Sephadex G-25 column (2 x 30 cm) equilibrated and developed with the same buffer. The enzyme activity is found in the excluded volume and the corresponding fractions are pooled (fraction III). DEAE-cellulose chromatogTaphy The above fraction is diluted by an equal volume of buffer A lacking KC1 so as to reduce its concentration to 0.062 M and applied to a 1.7 x 10 cm DEAE-cellulose column equilibrated with the same buffer. The enzyme does not bind to this column (not shown) and is recovered in the flowthrough fractions which are pooled (fraction IV).
CM-cellulose chromatography
The above fraction (55 ml) is brought to 701 saturation by adding solid ammonium sulfate (26 g). After overnight precipitation under magnetic stirring, the precipitate is collected by centrifugation as described above, redissolved in 4 ml buffer B (20 mM Tris-HCl 7.2 ; 10 mM KC1 ; 5 mM Mg acetate ; 6 mM B-mercaptoethanol ; 10% glycerol) and dialysed against three 100 ml changes of this buffer for a total of 5 hours. The resulting sample is loaded onto a 1.6 x 8 cm CM-cellulose column equilibrated with buffer B. After overnight washing with the same buffer, elution is carried out by a 10 -250 mM KC1 linear gradient in buffer B. The chromatographic profile presented in figure 2 shows that the activity elutes as a broad peak between 0.06 M and 0.11 M KC1. Fractions containing activity were pooled, precipitated as above with 701 ammonium sulfate then redissolved in and dialysed against buffer C (20 mM Tris-HCl pH 7.5 ; 10 mM KC1 ; 5 mM Mg acetate ; 6 mM 6-mercaptoethanol ; 10 e . glycerol) to yield 5 ml of fraction V. Second cycle of DEAE-cellulose chromatography A this stage of purification our RNAse D preparation still contained high levels of hybridase activity but was already devoid of hydrolytic activity against any of the four homopolyribonucleotides when assayed under the standard conditions (20 min incubation) of Zimmermann and Sandeen . Further purification steps involving hydroxyapatite and phosphocellulose chromatography have therefore been attempted. Although RNAse D did apparently bind to both columns as it was not detectable in the flow-through, we were unable to elute it. In view of this failure, we have performed a second cycle of DEAE-cellulose chromatography a procedure which had proved sucessful in 18 removing traces of non-specific ribonuclease from E. coli RNAse III The relatively high KC1 molarity (0.062 M) used for loading our first DEAE column was imposed on us by the prior Sephadex G-25 column. At this stage, it was possible to use a lower KC1 concentration (10 mM]. Fraction V was therefore loaded on a DEAE-cellulose column (1.5 x 6 cm) equilibrated with buffer C. Under these conditions, RNAse D still does not bind to the column (not shown). The flow-through fractions containing the enzyme were pooled (fraction VI).
Chromatographic behaviour on Sephadex G-200
Gel filtration on Sephadex G-200 has been attempted as means of purification at several stages of the above protocol. When an aliquot of Fraction II precipitated with ammonium sulfate (60%) is applied to a G-200 column in buffer A, RNAse D activity is eluted with the void volume as shown in figure 3A , while RNAse H is not detectable in this fraction and is eluted later. It would therefore seem to be a useful purification step in removing A) An aliquot of Fraction II was precipitated by 60% ammonium sulfate, dissolved in 2 ml buffer B (about 40 mg protein) and applied to the column.
B) An aliquot of Fraction IV was precipitated and dissolved as above in 2 ml buffer B (about 15 mg protein) before being applied to the column.
contaminating RNAse H. However, at this early stage of purification, the large amount of material to be processed requires an important scaling up of the column which we have so far failed to run successfully. Exclusion of RNAse D from the gel seems indicative of some kind of aggregation. Indeed, when an aliquot of fraction IV is run on the same column (figure 3B), RNAseD is no longer excluded and elutes as a broad peak centered close to the 2061 Y globulin marker (about 150,000 daltons) with a shoulder slightly ahead of ovalbumin (about 50,000 daltons). Similar results were obtained regardless of the maximum level of degradation observed in peak fractions. When fraction VI was run on this column, all the activity has been lost. From the present data, it is therefore not possible to give any satisfactory estimate of the molecular weight.
Results of purification and enzymatic properties of purified fractions A summary of the purification is presented in Table 1 . Initial levels of activity are always low and unreproducible until after the first DEAE cellulose column (fraction IV), at which stage they are dramatically increased (about 4 fold in this case).
In this situation, which is strongly suggestive of the presence of an endogenous inhibitor being removed at this stage of purification, activity measurements in fraction I to III (numbers in parentheses) cannot be taken as reliable estimates of the actual level of enzyme present in these fractions. Table 1 : Purification of RNAse D
Fraction
Step One unit of RNAse D activity is defined as that amount of enzyme which ,, results in the loss of 1 nmole of TCA precipitable radioactivity from (' C) poly(rC)-poly(rG) per hour under the conditions described in Materials and Methods. The specific activity is the number of units per mg of protein.
At later stages of purification (fractions IV to VI), the validity of activity determinations was supported by a linear relationship between rate of hydrolysis and enzyme concentration. Although a true overall purification factor cannot be derived from the data of Table 1 Significant levels of hybridase activity against ( C) poly(rA)-poly(dT) was constantly found associated with RNAse D, although the total amount 2063 present in fraction VI was less than 2% of the initial value. This observation would seem to favor the idea that these two enzymes are distinct en-19 tities as is the case in E. coli . The following contaminating activities failed to be detected in fraction VI : DNAse activity on either native or denatured calf thymus DNA at both pH 5 and pH 8, 5'-nucleotidase, phosphodiesterase and phosphomonoesterase at alkaline and neutral pH . Some of the latter activity could be observed at acidic pH.
Specificity of this enzyme towards double-stranded RNA is clearly established by the data presented in Fig. 4 . Indeed, they show that under con-14 ditions where poly( C) poly(rC) -poly(rG) is hydrolyzed by RNAse A to not more than 201 (not shown) it is solubilized to 80' o by our enzyme preparation. 32 It is confirmed by its ability to render acid-soluble about 501 of the ( P) labeled minus strand of QB double-stranded RNA synthesized in vitro by QB replicase under conditions where 1 ug/ml pancreatic ribonuclease has no detectable effect. Hydrolysis of this substrate was inhibited to 801 by 50 mM EDTA.
CONCLUSION
In a search for enzymes which might possibly process the HnRNA into mRNA., we have detected and purified 650 fold a ribonuclease which, like E. coli RNAse III, is able to degrade synthetic poly(rC) -poly(rG) or double-stranded QB RNA. The rationale underlying this approach is that RNAse III is indeed able to process the early T7 primary transcript as well as E. coli (7 81 precursor rRNA^ '
; . The E. coli enzyme is also able to introduce a discrete 18 set of breaks into several eucaryotic RNAs : 45S rRNA precursor and HnRNA 9 20 from HeLa cells , adenovirus messenger, 28S and 18S rRNA from KB cells .
So far, there have been only suggestions as to the possible existence of such an enzyme in eucaryotic cells. Robertson and Mathews detected in an S-30 extract from Krebs cells a nuclease showing a preference for doublestranded RNA and which appeared to be at least in part associated with ribosoiries at variance with our results of Fig. 1 . Ribonucleases able to solubilize double-stranded RNA have been detected in membrane fractions of 21 22 different tissues and KB cells where they can only be detected after detergent treatment. Such a treatment is completely inhibitory to our RNAse D which therefore appears to be unrelated to the above activities. As to the activity detected by Birge and Schlesinger in HeLa cells nuclei , its completely different localization makes it difficult to be compared to ours.
The significant purification reported here and the concomitant reduction 2064 of single-strand specific RNAse activity to hardly detectable levels clearly establishes that the present enzyme is a distinct ribonuclease with all the attributes of an RNAse D. It is currently being tested for processing activity in various model systems.
